In a previous study, we showed that the DNA molecule within a spherical virus (the minute virus of mice) plays an architectural role by anisotropically increasing the mechanical stiffness of the virus. A finite element model predicted that this mechanical reinforcement is a consequence of the interaction between crystallographically visible, short DNA patches and the inner capsid wall. We have now tested this model by using protein engineering. Selected amino acid side chains have been truncated to specifically remove major interactions between the capsid and the visible DNA patches, and the effect of the mutations on the stiffness of virus particles has been measured using atomic force microscopy. The mutations do not affect the stiffness of the empty capsid; however, they significantly reduce the difference in stiffness between the DNA-filled virion and the empty capsid. The results (i) reveal that intermolecular interactions between individual chemical groups contribute to the mechanical properties of a supramolecular assembly and (ii) identify specific protein-DNA interactions as the origin of the anisotropic increase in the rigidity of a virus. This study also demonstrates that it is possible to control the mechanical properties of a protein nanoparticle by the rational application of protein engineering based on a mechanical model. atomic force microscopy ͉ nanomechanics ͉ protein-DNA interactions
In a previous study, we showed that the DNA molecule within a spherical virus (the minute virus of mice) plays an architectural role by anisotropically increasing the mechanical stiffness of the virus. A finite element model predicted that this mechanical reinforcement is a consequence of the interaction between crystallographically visible, short DNA patches and the inner capsid wall. We have now tested this model by using protein engineering. Selected amino acid side chains have been truncated to specifically remove major interactions between the capsid and the visible DNA patches, and the effect of the mutations on the stiffness of virus particles has been measured using atomic force microscopy. The mutations do not affect the stiffness of the empty capsid; however, they significantly reduce the difference in stiffness between the DNA-filled virion and the empty capsid. The results (i) reveal that intermolecular interactions between individual chemical groups contribute to the mechanical properties of a supramolecular assembly and (ii) identify specific protein-DNA interactions as the origin of the anisotropic increase in the rigidity of a virus. This study also demonstrates that it is possible to control the mechanical properties of a protein nanoparticle by the rational application of protein engineering based on a mechanical model. atomic force microscopy ͉ nanomechanics ͉ protein-DNA interactions V iruses are extremely successful biological entities with an ubiquitous presence in the biosphere (1) . The extracellular form of any virus (the virion) is a self-assembled nucleoprotein complex, with or without a lipid envelope. These supramolecular assemblies have evolved the ability to withstand the physicochemical aggressions they may encounter during organism-toorganism propagation (2) . Some viruses can resist extremes of temperature, pH, radiation, or dehydration (3, 4) . In addition, recent results indicate that virions may be also subjected to substantial mechanical stress (5) (6) (7) (8) (9) (10) (11) (12) (13) . Investigation of the structural determinants that allow virus particles to deal with physicochemical extremes may be important for a better understanding of viruses as evolving biological machines and may benefit nanobiotechnological applications, such as the development of robust nanocontainers (14) .
Very recently, the mechanical properties of virus particles have begun to be experimentally investigated. The protein shells, or capsids, of ⌽29 and bacteriophages have been shown to withstand a very high internal pressure exerted by the encapsidated DNA (5, 9, 13) . The stiffness/elasticity of a few viruses have been analyzed by atomic force microscopy (AFM), in experiments that involve the application of indentation forces. Nonenveloped virus particles, including those of phages ⌽29 (15) and (13) , cowpea chlorotic mottle virus (CCMV) (16) , and the minute virus of mice [MVM, a single-stranded DNA (ssDNA) virus] (17), are mechanically robust, while possessing remarkable elastic properties. Interestingly, these properties can be biologically modulated. In two enveloped retroviruses (Moloney murine leukemia virus and HIV), the immature virion is relatively stiff, whereas the mature, infectious virion is considerably softer (18, 19) . Some molecular determinants of those mechanical properties have already been identified. The different stiffness of the immature and mature HIV virions is mediated by the cytoplasmic domain of the gp120 envelope protein (19) . A variant, salt-stable CCMV virion whose capsid differed in a single amino acid residue per subunit was also stiffer (16) . Comparison of the mechanical properties of the nucleic acid-filled virion of MVM with those of the empty capsid (devoid of DNA) showed that the enclosed nucleic acid molecule can play a structural role by increasing the stiffness of the particle (17) . This mechanical reinforcement was anisotropic [i.e., higher when the force was applied along a capsid 2-fold (S2) symmetry axis, lower along a 3-fold (S3) axis, and insignificant along a 5-fold (S5) axis]. A nucleic acid-mediated overall increase in stiffness has also been also detected for phage (13) and CCMV (16) .
The MVM capsid is formed by 60 structurally equivalent protein subunits arranged in a simple (T ϭ 1) icosahedral symmetry (20) (21) (22) . In the crystal structures of many icosahedral viruses, all, or a large part, of the nucleic acid is invisible because it is oriented randomly within the particles in the crystal. However, in MVM (as in other viruses; see refs. [23] [24] [25] [26] [27] [28] , some segments of the viral nucleic acid molecule adopt very similar conformations at symmetrically equivalent positions inside the capsid and have been crystallographically visualized. Each of these DNA patches is noncovalently bound to several amino acid residues located at one of 60 equivalent sites on the inner capsid wall (refs. 21 and 22, and see Fig. 1 ). Use of a finite element modeling approach allowed us to predict that the observed DNA-mediated mechanical reinforcement of MVM may be specifically attributed to those capsid-bound DNA patches (17) . However, this approach was necessarily based on highly simplifying assumptions. The adequateness of any theoretical approach to predict whether, and how, the mechanical properties of a virus or supramolecular assembly are modified when intermolecular interactions are introduced or removed remained to be experimentally validated.
The present study provides experimental proof that, in the MVM virion, the DNA exerts its mechanical reinforcement effect mainly through interactions between the capsid-bound DNA patches and specific amino acid residues. It also provides proof of principle that the mechanical properties of a supramolecular biological assembly can be rationally modified by using protein engineering.
Results
In the refined crystallographic model of MVM (22) , the visible ssDNA at each equivalent site includes two short stretches (of 11
Author contributions: C.C. and M.C. contributed equally to this work; P.J.d.P. and M.G.M. designed research; C.C. and M.C. performed research; C.C., M.C., P.J.d.P., and M.G.M. analyzed data; and M.G.M. wrote the paper. and 8 nucleotides). This DNA patch adopts a wedge-like shape that penetrates a concavity of the inner capsid wall and establishes noncovalent interactions with several amino acid residues (refs. 21, 22, 29; and see Fig. 1 ). To determine whether these specific interactions are responsible for the DNA-mediated mechanical reinforcement of the virion, we have analyzed by AFM the effect of mutation of capsid residues on the mechanical stiffness of MVM particles. Two single mutations-Asn183Ala and Asp58Ala-were aimed at removing some of the major interactions between the capsid and the bound DNA patches, without compromising intracapsid interactions. Mutation to Ala involved simply the removal of either the amide group of Asn-183 or the carboxylate group of Asp-58 and was chosen to disrupt native interactions without introducing new interactions and because it had a very low probability of altering the conformation of the polypeptide backbone (30, 31) . In the refined model of the MVM virion (22) , the amide of Asn-183 and the carboxylate of Asp-58, respectively, are involved in hydrogen bonds with the sugar-phosphate backbone and with a purine base of the longer capsid-bound DNA stretch (Fig. 1b) ; they also establish several van der Waals contacts with the DNA. Similar interactions were observed between the DNA and the structurally equivalent capsid residues Asn-180 and Asn-56 in the refined structure of the homologous canine parvovirus (29, 32, 33) . This finding provided further support for the presence and functional relevance of these interactions. None of the atoms that were removed by either mutation were found to be involved in intracapsid interactions.
An infectious DNA clone of MVM carrying either mutation, and the nonmutated clone as a control, were used to transfect susceptible cells. The virus particles produced consisted of both empty capsids and DNA-filled, infectious virions, which were purified and separated from each other based on their different buoyant densities. Detectable contamination of empty capsids by infectious virions was excluded by titration; significant contamination of infectious virions by empty capsids was equally excluded by recentrifuging the virion preparation and verifying the absence of MVM particles with a density corresponding to that of empty capsids (data not shown). The virion-free emptycapsid preparations, and the empty-capsid-free virion preparations obtained after the second density gradient, were used in the experiments described below.
The nonmutated and mutant empty capsids and DNA-filled virions were visualized by transmission electron microscopy [see supporting information (SI) Figs. 6 and 7] and by AFM (Fig. 2) . All of the particles were indistinguishable in dimensions, shape, and topography. AFM images of many individual particles clearly showed the expected topographic features, including the spikes located at the particle S3 axes and the cylindrical protrusions at the S5 axes. These features served to identify the specific orientation of virus particles that were positioned with a capsid S5, S3, or S2 axis on top (Fig. 2) .
To quantitatively determine the mechanical stiffness of the modified MVM particles, we performed nanoindentations on (22) . The visible DNA stretches (red) are bound to amino acid residues (green, except Asn-183, blue) at equivalent sites on the inner capsid wall. The rest of the DNA molecule and the internal N-terminal segment of each capsid protein subunit are crystallographically invisible. For orientation, one of the capsid S5 axes is located at the center (black spot) of the model. (b) Close-up view of one of the equivalent DNAcapsid interfaces. The two ssDNA stretches that form each capsid-bound patch are shown as sticks models. The capsid residues that establish interactions with the DNA (except Asp-58 and Asn-183) are shown as cyan, green, or yellow spacefilling models, according to the subunit involved. The two amino acid residues we mutated (Asp-58 and Asn-183) are shown in violet and magenta, respectively, with the hydrogen bonds they establish with the DNA represented as white lines. The MVM topography appears laterally expanded because of the usual tip-sample dilation effects. Only those particles with a symmetry axis at, or very close to, the top (center of the image) were selected for indentation. Most particles showed a symmetry axis clearly off-center, or no recognizable symmetry, and were discarded.
individual intact particles in a physiological buffer, with the force applied along an S5, S3, or S2 symmetry axis (17) . Fig. 3 shows examples of averaged indentation curves for MVM particles when probed along the three axis types, together with typical cantilever deflection curves. Examples for each virus particle type and symmetry axis are given as SI Figs. 8 and 9. The spring constants, k, obtained for each orientation were represented in a histogram, and a Gaussian fit of the histogram yielded the average spring constant of the particle when measured along that orientation (Fig. 4) . Larger deviations of the k values were obtained for the virions relative to the empty capsids, especially when probed along an S2 axis (Fig. 4 and see SI Table 1 ). If the deviations were due solely to experimental error, those obtained by using empty capsids or virions should have been similar, at least when similar average k values were compared. Thus, the larger deviations probably reflect a broader Gaussian distribution of actual stiffness values. Likely causes are inaccuracies in the exact orientation of the viral particle being indented (the axis was not always exactly on top), as well as slight shifts in the orientations of both tip and particle after each indentation, which were clearly detected by imaging. Because the stiffness of the MVM virion (but not the empty capsid) is not isotropic (17) , indentation at slightly different, off-axis positions could lead to small differences in the k value obtained in each indentation, even when the same individual particle was used. In addition, the intrinsic anisotropy of the single DNA molecule would make the 60 n-fold (n ϭ 5, 3, or 2) axes not strictly equivalent in the virion (but not in the DNA-free capsid), potentially leading to slightly different k values, depending on the specific S2 (or S3, or S5) axis probed. Because the capsid-bound DNA segments are located closer to the S2 axes and farther from the S5 axes (Fig. 1a) , this effect could be greater when the virions are probed along an S2 axis, as was actually observed.
To validate a comparative analysis, it was important to ascertain to what approximation the quantitative value of k could be reproduced. The results from using nonmutated capsids and virions in independent experiments showed an excellent agreement in the average k values (see SI Table 1 ). This reproduc- ibility, observed even in those cases where a broad Gaussian distribution occurred, experimentally validated any statistically significant difference that could be obtained when comparing the stiffness of different particles under the same experimental conditions.
We then compared the stiffness of the mutants vs. nonmutated virus particles. Any difference found in the stiffness of the mutant virions relative to the nonmutated virion could be due, in principle, to the removal of interactions between the truncated groups and other capsid residues and/or the bound DNA segments. The MVM empty capsid and virion are structurally almost indistinguishable, even at atomic resolution (22) . Thus, if a mutation affects the stiffness of the virion because of the disruption of intracapsid interactions, it would equally affect the stiffness of the empty capsid. We carried out indentations on several individual intact empty capsids carrying no mutations, or including either the Asn183Ala or Asp58Ala mutations (Fig. 4a and see SI Table 2 ). Gaussian fits of the histograms yielded k values along the S5, S3, and S2 axes that were indistinguishable from each other. The k values were also indistinguishable when the two mutant empty capsids and the nonmutated empty capsid were compared (Fig. 4a) . To confirm that the number of measurements carried out was sufficient to obtain good fitting values, in one arbitrary case (mutant Asp58Ala oriented along the 3-fold axis) much larger numbers of force-vs.-distance curves and individual particles were subsequently used in the calculation; no significant differences in the fitting k value, or in the distribution of individual measurements, were obtained. The same was observed for other particle or symmetry axis types when the number of particles indented and the total number of indentations was increased (data not shown). The above results indicate that any effect of these mutations on the stiffness of the MVM virion would be due to the removal of DNA-capsid interactions and not to removal of intracapsid interactions.
We then performed many indentations on several DNA-filled virions carrying no mutations or including either the Asn183Ala or Asp58Ala mutations ( Fig. 4b and see SI Table 2 ). Remarkably, introduction of either mutation substantially reduced the increase in the k value that was observed for the nonmutated virion along the S3 axes and, to a greater extent, the S2 axes, relative to the empty capsid ( Fig. 4b and Fig. 5 ). The presence of the DNA in the nonmutated particle led to increases of Ϸ60% and 110% when probed along S3 and S2 axes, respectively. Mutations Asn183Ala or Asp58Ala reduced those values to Ϸ30% and 40% or 30% and 30%, respectively. A Student t test revealed that the average k values obtained along the 2-fold axis for the mutant virions and the nonmutated virion are significantly different (with a 99% confidence). The reduced k values cannot be due to a change in the particle surface electrostatics because the mutations removed only neutral groups from internal residues of the capsid and did not affect any of the charged groups of the capsid or the DNA, which remained unmodified. We conclude that removal of major noncovalent interactions between specific amino acid residues located at the inner wall of the MVM capsid, and the capsid-bound DNA patches, led to a very substantial reduction in the DNA-mediated mechanical reinforcement of the virus particle.
Discussion
A finite element calculation allowed us to propose that the DNA-mediated mechanical reinforcement of the MVM virion could be specifically due to small DNA patches intimately bound to the inner capsid wall. These DNA patches would effectively increase the local thickness of the capsid wall, acting as molecular buttresses (17) . The results of the present study experimentally confirm such prediction and show that specific noncovalent interactions holding the capsid and those DNA segments together are directly responsible for the observed reinforcement.
In the Asn183Ala and Asp58Ala mutant virions, the absence of some of the major capsid-DNA interactions could cause those DNA segments to be more loosely bound to their recognition sites in the capsid wall, thus reducing their reinforcing (buttress) effect. In either mutant, only some of the major interactions between the capsid and each DNA patch were removed and, consequently, the reinforcing effect of the DNA was not expected to be completely prevented. However, the stiffness of the N183A virion was reduced to the point of making it statistically indistinguishable from that of the empty capsid; the stiffness of the D58A virion was also substantially reduced, although it was still significantly higher than that of the capsid, according to a Student t test (99% confidence). Loss of cooperative effects between different intermolecular interactions at each equivalent DNA-capsid interface may explain such a large mechanical action, in the same way that it explains equally drastic reductions in binding affinity caused by single-residue mutations in many protein-ligand interfaces. In addition, a single amino acid replacement will remove in the MVM virion equivalent sets of interactions between the only DNA molecule and up to 60 sites in the capsid wall. Cooperative effects due to the loss of interactions at so many sites may also amplify the effect of each mutation (34) .
The physicochemical cause for a nucleic acid-mediated mechanical reinforcement may depend on the virus and nucleic acid involved. A recently developed analytical model indicated that the double-stranded DNA-mediated mechanical reinforcement of phage is due to the osmotic pressure generated by DNA-hydrating water molecules (13) . The ssDNA inside MVM is also densely packed, and the presence of a substantial internal pressure in MVM is a definite, albeit unproven, possibility (17) . However, when the interaction between the bound DNA segments and the MVM capsid was debilitated through mutation, the stiffness of the virion was reduced to a value similar to that of the empty capsid, even though the complete, unmodified DNA molecule was still inside the virus particle. Thus, the ssDNA inside MVM may not generate substantial internal pressure. Alternatively, if a DNA-mediated internal pressure exists in MVM, it may not significantly contribute to the mechanical stiffness of this virus.
It may be important to relate the observed mechanical effects to the biology of MVM. We had shown previously (29) that capsid residues involved in interactions with DNA patches, including N183 and D58 involved in the DNA-mediated stiffening effect, contribute to virion stability against thermal inactivation and to virus infectivity, which was reduced Ͼ10-fold by truncation of individual side chains interacting with the DNA. Also, each visible DNA patch binds the inner capsid wall by penetrating and filling a concavity and establishing multiple interactions with residues from three neighboring capsid subunits, contributing to cementing together of these subunits. Thus, one possibility is that the bound DNA serves to mechanically and thermically reinforce the capsid, allowing more extracellular virions to remain infectious until they reach their host cells. A nonexclusive possibility is that binding of the DNA patches could have a role in freezing the capsid in a stiffer, mechanically more stable conformation and prevent it from undergoing unproductive conformational changes during the infection cycle. A similar situation may occur in bean pod mottle virus (BPMV). Biophysical evidence has suggested that the BPMV empty capsid has a highly dynamic structure, as opposed to the ssRNA-filled virion, and the presence of nucleic acid in the BPMV virion was shown to stabilize the capsid against thermal denaturation (35, 36) .
In the above scenario, the absence of a DNA-mediated increase in the stiffness of the MVM virion around the S5 axes could also be explained in biological terms. The pores located at the S5 axes are used for externalization of capsid polypeptide N-terminal segments and for entry and/or exit of the viral DNA. These events are critically necessary for infection (21, 22, (37) (38) (39) (40) (41) and depend on the occurrence of local conformational rearrangements modulated by some capsid residues lining the pores (39, (41) (42) (43) , as well as by the size and shape of capsid cavities located nearby (44) . Those conformational changes may require a certain mechanical flexibility in the regions around the pores, precisely the only large areas of the capsid where bound DNA is not observed (Fig. 1a) . Thus, it is tempting to suggest the action on MVM of a selective pressure to keep the capsid regions that are closer to the 5-fold axis pores free from binding, stiffening DNA segments and thus flexible enough to allow those biologically critical translocation events. In short, MVM and other parvoviruses may have evolved a functionally compatible, multiple-site interaction between their DNA genomes and the inner capsid wall, leading to improved mechanical and thermal stability and contributing to the biological success of these viruses.
From a nanobiotechnological perspective, the present study demonstrates that the mechanical properties of a biomolecular complex can be rationally manipulated using a protein engineering approach. The predictions of a simple mechanical model led us to obtain, by site-directed mutagenesis, a modified virus particle that is mechanically softer than the natural virus. We propose that protein engineering may be a suitable approach to tailoring the mechanical properties of protein nanoparticles.
Materials and Methods
Recombinant Plasmids and Mutagenesis. Site-directed mutagenesis of the VP1/ VP2 gene of MVM (strain p) was carried out using the QuikChange system (Stratagene) on recombinant plasmid pSVtk-VP1/2 originally provided by J. M. Almendral (Centro de Biología Molecular, Madrid, Spain) (45) . The mutations were introduced by subcloning in an MVMp infectious clone originally provided by P. Tattersall (Yale University Medical School, New Haven, CT) (46) and then modified (45) . The presence of the mutations was confirmed by sequencing.
Electroporation of Mammalian Cells and Infectivity Assays. NB324K cells were electroporated with the MVM infectious plasmid carrying the appropriate mutations (47) . Virions were recovered from transfected monolayers and titrated in plaque assays.
Production and Purification of MVM Empty Capsids and Virions. MVM empty capsids and virions were obtained as described in ref. 17 , with some modifications. Briefly, MVM particles were produced by infection of NB324K cells at a low multiplicity of infection. After adsorption of the virus and incubation at 37°C, the cells were suspended in culture medium, plated at low density, and incubated at 37°C until complete cytopathic effect. The empty capsids and virions obtained from the remaining infected cells and those obtained from the supernatant of infection were mixed, supplemented with SDS to 0.5%, deposited on layers containing 20% sucrose in TE buffer (50 mM Tris⅐HCl pH 8.0, 0.5 mM EDTA) plus 0.1 M NaCl and centrifuged for 5.5 h at 35,000 rpm in an SW40 rotor (Beckman) at 10°C. The sediment was thoroughly resuspended in TE buffer containing 0.2% Sarkosyl, and the suspension was centrifuged in a cesium chloride gradient in the same buffer for 24 h at 50,000 rpm in a TFT 75.13 rotor (Kontron) at 10°C. The gradient was fractionated, and the aliquots were analyzed for the presence of empty capsids (buoyant density 1.363) or virions (density 1.373) by assaying their hemagglutination activity. The fractions of interest were extensively dialyzed against PBS (pH 7.2). To exclude any cross-contamination of virions and capsids, only the central fractions of well resolved peaks were used. Titration in plaque assays was used to ascertain the absence of virions in the empty-capsid preparation. To exclude empty capsids from the virion preparation, the latter was layered on a second cesium chloride gradient, recentrifuged as above, and extensively dialyzed again. The purity, integrity, and concentration of MVM particles were assessed by electron microscopy.
AFM of Viral Particles. AFM experiments were carried out essentially as described in ref. 17 . Briefly, one drop (20 l) of diluted stock of purified empty capsids or virions in PBS was deposited on a sylanized glass surface. The drop was left on the surface for 30 min and then rinsed twice with 20 l of PBS. The tip was also prewetted with 20 l of PBS. The atomic force microscope (Nanotec Electró nica) was operated in jumping mode (48) in liquid. We used rectangular cantilevers (RC800PSA; Olympus) with spring constant of 0.05 Ϯ 0.01 N/m. The maximum normal force during AFM imaging was always Ϸ100 pN. Dynamic mode could not be used because the softer cantilevers required for reproducible imaging using this mode would have led to increased errors in the k values. AFM images were processed by using WSxM software (49) .
To determine the stiffness of empty capsids and virions once individual particles were located on the surface, the lateral piezo scan was stopped when the tip was on top of the equatorial area of the particle. Then, force-vs.-distance curves were obtained by elongating the z-piezo until the tip established mechanical contact with the virus particle, and a nanoindentation was performed. To avoid particle damage, the maximum applied force was limited to 0.9 nN, with typical indentations of Ϸ2 nm. We observed that, after a few contact events, the force-vs.-distance curve exhibited marked steps, which corresponded to an irreversible modification of the virus particle. In this case, we moved to another particle. The curves were processed assuming the cantilever and the virus to be two springs in series, to obtain the stiffness (spring constant, k) of the virus particle along the direction of the applied force (15) . Each cantilever was calibrated as described in ref. 50 and as implemented online at www.ampc.ms.unimelb.edu.au/afm/theory. html#normal.
Molecular Graphics and Structural Analyses.
The refined PDB coordinates of the of MVMi virion (1Z1C) and of the MVMp empty capsid (1Z14) (22) , as well as the software programs Insight II (Biosym Technologies), RasMol (51), WHAT IF (52) , and PyMOL (DeLano Scientific), were used.
